L-Alanine-initiated germination of spores of Bacillus cereus was potentiated by the following structural analogues of alanine : 0-carbamyh-serhe (OCDS), D-cycloserine (DCS), P-alanylhydroxamic acid (PAHA) and glycyl hydroxamic acid (GHA) ; but not by D-a-alanyl-hydroxamic acid (DAHA). Potentiation of germination resulted from inhibition of alanine racemase in the spores with consequent suppression of the formation of D-alanine, an inhibitor of L-alanine-initiated germination. OCDS was the most effective potentiator of germination and inhibitor of racemase. PAHA and GHA were more effective potentiators of germination than could be explained solely by their weak inhibition of the racemase. The extra effectiveness was associated with slow binding of the analogues to the spores, and possibly also with formation of hydroxylamine which also inhibited alanine racemase and potentiated L-alanine-initiated germination. Germination initiated by ribosides and amino acids other than L-alanine was not strongly potentiated by OCDS, arguing against a role for L-alanine as an intermediate. However, germination initiated by adenosine + D-alanine was strongly inhibited by OCDS, which argues for the role of D-alanine being to supply the L-isomer by racemization. Antibacterial activities of the analogues did not mirror their activities as potentiators of germination.
germination of B. cereus T spores by inhibiting alanine racemase and thereby preventing formation of D-alanine, and by Gould (I 966), who showed that two racemase inhibitors (D-cycloserine and 0-carbamyl-D-serine) which are structural analogues of D-alanine stimulated L-alanine-initiated germination.
Substances which stimulate germination (and therefore heat-and radiation-sensitization) of spores might find useful application as spore-control agents in materials in which spores are normally present but unwanted (e.g. in most foodstuffs). We have therefore studied the action, on spore germination and on the activity of spore alanine racemase, of a number of alanine analogues, including optically inactive and D-stereroisomers, with L-alanine and other chemical agents as germinants.
METHODS
Spores. Spores of Bacillus cereus strain T were used for most experiments. Other organisms used were B. cereus PX (Hitchins, Gould & (Fey et al. I 964) ; B. pumilus s 3, and B. polymyxa M I (laboratory isolates). Spores were grown on potato yeast-extract glucose agar at 37" as described by Hitchins et al. (1963) . When sporulation and lysis of sporangia was complete the spores were scraped from the agar, washed six times with cold distilled water by centrifugation and stored at 4" in water at a concentration equivalent to about 20mg. dry weight/ml.
When heat-activated spores were required, samples of suspensions were heated at 70' for 30 min. immediately before use.
Media and measurement of germination. Germination media normally contained sodium phosphate (80 mM, pH 8.0). The buffer was sodium acetate (80 mM, pH 8.0) whenever calcium dipicolinate was used. Germinants and related compounds used (Koch-Light Laboratories Ltd., Colnbrook, Bucks) were L-alanine, D-alanine, L-cysteine (all I o mM) ; inosine (0.2-1 -0 mM) ; adenosine (I mM) ; adenosine (I mM for unheated, IOO ,UM for heat-activated spores) +L-alanine or other amino acids (10 and IOO ,UM for unheated and heat-activated spores respectively) ; n-dodecylamine (I / 5 saturated soution) : calcium dipicolinate (40 mM) was made by mixing sodium dipicolinate solution (made from sodium hydroxide and dipicolinic acid ; Aldrich Chemical Co. Inc., Milwaukee I 0, Wisconsin) and calcium chloride solution immediately before use in the sodium acetate buffer.
Germination was measured by mixing spores with the media at 37" and reading extinction of the suspensions at intervals with an absorptiometer (' Biochem ', Hilger and Watts Ltd., Camden Road, London). Germination was accompanied by a decrease in extinction. Phase-contrast microscopy was used to confirm germination : ungerminated spores were phase-bright and germinated spores phase-dark.
Alanine analogues. Analogues of the D-isomer used were : D-cycloserine (Oxamycin ; ~-~-amino-~-isoxazolidone), which was a gift from Eli Lilly and Co. Ltd. (Basingstoke, Hants); 0-carbamyl-D-serine, a gift from Dr H. P. Hidy (Commercial Solvents Corp., Terre Haute, Indiana); D-a-alanyl hydroxamic acid (synthesized by Mr A. P. Rhodes of this Laboratory). Optically inactive analogues of alanine used were glycyl hydroxamic acid and P-alanyl hydroxamic acid (Hynes Chemical Research Corp., Durham, North Carolina) . Similarities in structure of the analogues are indicated in Fig. I .
The analogues were dissolved in water and mixed with warmed germination media before use as indicated in Results.
Growth-inhibitory concentrations of alanine analogues. The analogues were sterilized by filtration through sintered glass (grade I 115) and incorporated in nutrient broth at 25 mM, and then doubling dilutions were made down to 0.195 mM by using as diluent broth inoculated with 5 % (v/v) Alanine racemase. Racemase activity of intact spores was determined by using L-alanine as substrate and measuring the rate of production of D-alanine as described by Fey et al. (1964) with D-amino acid oxidase (from hog kidney, British Drug Houses Ltd., Poole, Dorset; Wood & Gunsalus, 1951). Incubation mixtures at 37" contained spores (equiv. I mg. dry weightlml.), L-alanine (100 mM) rt analogues, and sodium phosphate (80 mM, pH 8.0). At 10 min. intervals up to 60min., samples (1.5 ml.) were removed, cooled in ice, and centrifuged in the cold. D-Alanine formed by racemization was then estimated by incubating samples of the supernatant fluid (0-5 ml.) with D-amino acid oxidase (15 mg.) and sodium phosphate (80 mM, pH 8.0) in a Warburg apparatus at 30" and measuring the oxygen uptake for 90 min. Under these conditions > 90% oxidation of the D-alanine occurred. It was determined separately that none of the analogues used inhibited D-amino acid oxidase nor were they utilized by this enzyme as substrates at the concentrations at which they might be carried over into the Warburg flasks. Inhibition of alanine racemase by analogues is recorded by expressing activity as a percentage of activity of analogue-free controls.
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RESULTS
Eflect of analogues on germination initiated by L-alanine
Unheated spores of BacilZus cereus T germinated very slowly in L-alanine. The rate of germination was decreased by D-a-alanyl hydroxamic acid (DAHA), but the other analogues caused increases in the rates of germination (Fig. 2) in order of increasing activity : p-alanyl hydroxamic acid (PAHA), D-cycloserine (DCS), glycyl hydroxamic acid (GHA) and 0-carbamyl-D-serine (OCDS). It was noticeable that the pattern of stimulation of germination by DCS differed from that of the other analogues, showing an increase in rate with time (Fig. 2) . Figure 3 shows the result of a similar experiment using heat-activated spores in place of the unheated spores used for Fig. 2 B. cereus T spores germinated more rapidly than the unheated ones, as expected. DAHA again decreased the rate of germination but the other analogues increased the rate of germination, and the late stimulation by DCS was marked. Different rates of germination, but with the same patterns of response, were found with higher and lower concentrations of the analogues and of L-alanine. Table I summarizes the effects of some of the alanine analogues on germination of spores initiated by the metabolizable germinants inosine, adenosine and L-cysteine and by the non-metabolizable germinants n-dodecylamine and calcium dipicolinate (CaDPA). OCDS, the strongest potentiator of alanine-initiated germination, did not increase the rate of germination of spores with any of these germinants, strongly suggesting that alanine racemase activity is of little importance in governing germination rate in these systems. DCS inhibited germination of unheated spores in inosine but caused an increase in the initial rate of germination of heat-activated spores. Of the four analogues, only DCS inhibited germination of heat-activated spores in L-cysteine ; the other three had no effect. GHA and PAHA both stimulated germination induced by inosine or adenosine, most probably because of slight decomposition during incubation (see below) to form glycine or p-alanine which are synergistic with the riboside ger minan t s . 
Eflect of the analogues on germination initiated by germinants other than L-alanine
Inosine (I mM) Inosine (40 ,UM) Inosine (200 ,UM) Adenosine (I mM) L-Cysteine (10 mM) L-Cysteine (I o mM) CaDPA (40 mM)P CaDPA (40 mM) n-Dodecylamine
Eflect of OCDS on germination initiated by combinations of germinants
Although L-alanine initiates germination of Bacillus cereus T spores and D-alanine inhibits L-alanine-initiated germination, both the D-and L-isomer will potentiate germination initiated by a germinative riboside like adenosine (Lawrence, I 955). Furthermore, other amino acids, which are not germinative alone, will potentiate the germination caused by a riboside. It was found that OCDS strikingly inhibited the potentiation of adenosine-initiated germination caused by D-alanine whilst hardly affecting potentiation caused by L-alanine (Fig. 4, 5) . Similar experiments with a-aminobutyric acid, phenylalanine, serine, glycine ( Table 2 ) and other amino acids revealed that the strong inhibition by OCDS of potentiation by D-but not by L-isomers was typical of alanine but not of other amino acids. Nevertheless, OCDS stimulated germination initiated by adenosine + some of the L-isomers of amino acids other than alanine ( Table 2) . 
Efect of 0-carbamyl-D-serine on germination of Bacillus cereus T spores irtitiated by adenosine plus L-and D-amino acids
Germination was measured as described in Table I . The germinant mixture for unheated spores was adenosine (I mM)+amino acid (10 mM), and for heat-activated spores was adenosine (100 PM) + amino acid (100 PM). Stimulation of germination by hydroxylamine Stimulation of inosine-initiated germination by GHA and PAHA (Table I) might have resulted from partial breakdown of these analogues to form free amino acids because GHA and PAHA are known to be less stable than the other analogues in solution (Gale & Hynes, 1966) . To test for breakdown, the analogues were preincubated in solution to allow any decomposition to occur before addition of spores. Also, the potential breakdown products alone were tested as germination stimulators. Table 4 .
Stimulation of germination of Bacillus cereus T spores by hydrolysis products of P-alanyl hydroxamic acid and glycyl hydroxamic acid
Germination of the unheated spores was measured by fall in extinction of suspensions incubated at 30" with L-alanine (10 mM) as described in Methods. Pre-incubation did not increase the activity of GHA and PAHA as germination stimulants, arguing against the importance of decomposition ; however, the observation was made that hydroxylamine, which would be one of the hydrolysis products of the analogues, was a powerful stimulator of L-alanine-initiated germination itself (Table 4) .
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Inhibition of alanine racemase by the analogues
The analogues were tested for ability to inhibit the racemization of alanine catalysed by spores of Bacillus cereus T. Table 3 shows that OCDS was by far the most effective racemase inhibitor, in keeping with its strong activity as a potentiator of L-alanineinitiated germination ; next most effective was D-cycloserine, and least effective the hydroxamic acids. Hydroxylamine, in keeping with its stimulatory effect on L-alanineinitiated germination, was a powerful racemase inhibitor. . Effect of pre-incubating spores of Bacillus cereus T in the presence of glycyl hydroxamic acid. All tubes contained glycyl hydroxamic acid (10 mM) and unheated spores in sodium phosphate buffer (80 mM, pH 8.0) and were pre-incubated for various times before L-alanine (10 mM) was added to initiate germination. Pre-incubation times were : 0 no pre-incubation (spores added with alanine at zero time); 0 , I min.; A, 5 min.; A, 30min.; 0, z hr. Qualitatively similar results were obtained with P-alanyl hydroxamic acid in place of glycyl hydroxamic acid. Fig. 7 . Binding of P-alanyl hydroxamic acid to spores of Bacillus cereus T . Unheated spores were preincubated with or without P-alanyl hydroxamic acid as described in Fig. 6 , then either germinated immediately or washed three times by centrifugation before adding L-alanine (10 mM) to initiate germination: 0, P-alanyl hydroxamic acid-free control; 0, no pre-incubation (spores added with alanine at zero time); A, pre-incubation for 120 min.; A, pre-incubation for 120 min. followed by three washes. Qualitatively similar results were obtained with glycyl hydroxamic acid in place of P-alanyl hydroxamic acid.
Binding of P-alanyl hydroxamic acid and glycyl hydroxamic acid by spores The weak inhibition of spore alanine racemase by PAHA and GHA (Table 3) was surprising in view of the stimulatory effect of these analogues on L-alanine-initiated germination ( Fig. 2 and 3) . Evidently the stimulation was not due to hydroxylamine formed by hydrolysis of the analogues, since pre-incubation of the analogues alone did not increase their effectiveness. However, pre-incubation of the spores in the presence of the analogues before addition of L-alanine to initiate germination did result in an increased germination rate (Fig. 6) . Furthermore, when spores were pre-incubated with PAHA or GHA and then washed to remove exogenous analogue, they still germinated faster in L-alanine than did untreated spores (Fig. 7) . These results strongly suggested that FAHA and GHA, or a product formed from them, could bind to some site in spores during incubation (possibly to molecules of alanine racemase) and thereby be more effective than the simple racemase assay (Table 3) would suggest. Pre-incubation of spores with OCDS and DCS also increased their stimulation of L-alanine-initiated germination, but the increase was small compared with that observed with PAHA and GHA.
Eflect of 0-carbamyl-D-serine on germination of spores of difleren t Bacillus species
Spores of eight strains representing five Bacillus species were incubated in L-alanine (10 mM) with or without OCDS (I mM). It was found that the stimulatory effect of OCDS on germination differed very much with different spores. The Bacillus cereus spores tested responded most readily to the analogue (Table 5 ). Germination of spores of a number of the organisms shown in Table 5 was stimulated more strongly when thicker suspensions were used (equiv. about I mg. dry wtlml.), suggesting that stimulation of L-alanine-initiated germination by OCDS was a general phenomenon, although much less marked with some spores than with others.
Table 5. Stimulation of L-alanine-initiated germination of spores of various
Bacillus species by 0-carbamybserine Spores (equiv. about 40,ug. dry wtlml.) were incubated at 37" in sodium phosphate buffer (80 m~) ; pH 8.0) containing L-alanine (10 mM) and with or without OCDS (I mM). Germination was measured by decrease in extinction of suspensions as described in Methods.
Decrease in extinction (%) during incubation for 30 min.
Unheated spores
Heat-activated spores Table 6 .
Growth-inhibitory activity of the analogues
The analogues were incorporated at 25 mM and at halving dilutions down to 0.195 mM in nutrient broth inoculated with the organisms indicated. End-points (no turbidity) were read after incubation for 24 hr at 37" (see Methods). 
Minimum inhibitory concentration (mM) of analogue
25
Growth inhibitory activity of the analogues The analogues stimulated L-alanine-initiated germination of spores in order of decreasing activity : OCDS, GHA, DCS and PAHA ; D-a-alanyl hydroxamic acid (DAHA) was inactive. It was of interest to compare this order with the growthinhibitory activities of the analogues, since they were originally developed as potentia€ antibiotics. Table 6 shows that the two activities appear superficially to be unrelated. For example, DCS was by far the most effective inhibitor of growth (Table 6 ), yet not the most effective stimulator of germination; in contrast, OCDS was the most effective stimulator of germination but was relatively ineffective as an inhibitor of growth.
DISCUSSION
The analogues of alanine studied were originally isolated as antibiotics or synthesized as potential inhibitors of microbial growth. It was therefore surprising to find that they stimulated rather than inhibited germination of bacterial spores. However, the process of spore germination is peculiar in that it is essentially a degradative reaction and involves none of the complex syntheses of growing organisms; it is consequently likely that biochemical sites for inhibition of spore germination by antimicrobial agents are few. Three factors suggest that the analogues studied stimulated spore germination principally by inhibiting spore alanine racemase. First, D-alanine is known to be a powerful competitive inhibitor of germination initiated by L-alanine (Hills, 1949) . Secondly, spores of some species have been shown to contain an alanine racemase which is often measurably active in the otherwise dormant, i.e. ungerminated, spore (Stewart & Halvorson, I953) , and thick suspensions of spores have been shown to inhibit their own germination in L-alanine by rapidly catalysing production of the inhibitory D-isomer (Fey et al. 1964) . Thirdly, both DCS (Strominger, Ito & Threnn, 1960) and OCDS (Lynch & Neuhaus, 1966) were shown to inhibit alanine racemase in Staphytococcus aureus and Streptococcus faecalis respectively. DCS and OCDS also inhibited alanine racemase in Bacillus cereus spores (Table 3) , and therefore most probably potentiated germination by this action. Further evidence was given by Krask (1961) , who showed that D-cysteine (which may be regarded as another 'analogue' of D-alanine) potentiated L-alanine-initiated germination of B. cereus T spores and also inhibited spore alanine racemase. Stimulation of germination of thick spore suspensions by copper may also have resulted from inhibition of alanine racemase (Powell, 1957) .
The two analogues PAHA and GHA are antimycobacterial agents that may act in a similar manner to DCS and OCDS in inhibiting microbial growth (Gale & Hawkins, 1965; Gale & Hynes, 1966) . However, they were much less effective inhibitors of spore alanine racemase than DCS or OCDS. The surprisingly powerful stimulation of spore germination by PAHA and GHA seemed to result from binding of these analogues during incubation with the spores. Additional stimulation by formation of hydroxylamine from the analogues in the presence of spores cannot be completely ruled out, for hydroxylamine was shown by Roze & Strominger (1966) to inhibit alanine racemase in Staphylococcus aureus more effectively than even D-cycloserine, and was also an effective inhibitor of alanine racemase and stimulator of germination in spores of Bacillus cereus T (B. J. Krask, personal communication; and Table 3 ). D-a-Alanyl hydroxamic acid (DAHA) was tested because it appeared to be a better structural analogue of D-alanine than either PAHA or GHA (Fig. I) , and yet its activity both as an antimicrobial agent and as a potentiator of L-alanine-initiated germination was unaccountably negligible.
The effects of alanine racemase inhibitors on germination initiated by single germinants other than L-alanine (e.g. ribosides, L-cysteine or other amino acids) were in keeping with non-involvement of the racemase, and also therefore presumably of endogenously formed L-alanine, in the metabolic pathways involved. For instance, the results argue against inosine as initiating germination by somehow triggering release of L-alanine within the spore. Krask & Fulk (1966) showed that germination of spores of Bacillus cereus T by L-cysteine did not involve formation of L-alanine from the cysteine, but more likely resulted from action of L-alanine dehydrogenase directly on the L-cysteine molecules ; the spore enzyme is not completely specific for L-alanine (O'Connor & Halvorson, 1961 a) and germination can be initiated by the other substrates of the enzyme (O'Connor & Halvorson, 1961b; Hermier & Rousseau, 1967) . In such a situation one would not expect inhibition of alanine racemase to lead to stimulation of germination.
Although OCDS stimulated the germination initiated by L-alanine and had little effect on germination initiated by adenosine + L-alanine, it strongly inhibited the germination initiated by adenosine + D-alanine. This result suggested that the role of D-alanine was solely to supply L-alanine and that the L-isomer was the true synergist with adenosine; when the racemase was inhibited by OCDS no L-isomer was formed and germination was therefore arrested. OCDS did not effect germination initiated by adenosine+amino acids other than alanine in this clear cut manner. In general, OCDS slightly stimulated such germination, as it did the slow germination caused by adenosine alone (Table 2) ; OCDS certainly did not inhibit the activity of the D-iS0-mers, thus suggesting that D-alanine was not an intermediate in their utilization. Lack of effect of the analogues on germination initiated by n-dodecylamine or calcium dipicolinate supports the concept that these reagents are not metabolized, but initiate germination by causing physico-chemical changes in spores (Rode & Foster, 1961 ; Riemann & Ordal, 1961) . It was interesting to find that high antibacterial activity of an analogue did not necessarily accompany high activity as a potentiator of L-alanine-initiated germination. The reason for this is probably that, whereas potentiation of germination depends principally (if not entirely) on the antiracemase activity of the analogues, the antibacterial activity depends additionally on inhibition of other enzymes which are normally involved in murein synthesis in growing organisms. For example, DCS powerfully inhibited not only alanine racemase but also D-alanyl-D-alanine synthetase (Strominger et al. 1960) ; inhibition of these two sequential enzymic steps in murein synthesis conferred high antibacterial activity on DCS. In contrast, OCDS inhibited spore alanine racemase more effectively than did DCS and was consequently a better potentiator of L-alanine-initiated germination ; yet OCDS did not inhibit D-alanyl-Dalanine synthetase (Lynch & Neuhaus, 1966) and was therefore relatively less active than DCS as an antibacterial agent. Perhaps the free carboxyl group on OCDS but not on DCS contributed to antiracemase activity since OCDS is structurally closer to the free D-alanine substrate of the racemase than is DCS or the other analogues (Fig. I) . In contrast, DCS contains no free carboxyl group but a -NH-COlink analogous to the peptide bond region of D-alanyl-D-alanine and is therefore a better analogue of the dipeptide whose synthesis it inhibits than is OCDS. The relationships of structure of these analogues to their antibiotic activity was reviewed by Neuhaus (1967). It may be that more effective potentiators of germination could be discovered by extension of these studies with spores, but it is clear that there is no reason to assume that such potentiators would also necessarily be more effective as antibacterial agents.
